Here we show that polymeric hydrogels, which maintain their hydrous state, can be designed to exploit functional interactions with soil microorganisms. This microbial enhancement may mitigate biotic and abiotic stresses limiting productivity. The presence of mannan chains within synthetic polyacrylic acid (PAA) enhanced the dynamics and selectivity of bacterial ingress in model microbial systems and soil microcosms. Pseudomonas fluorescens exhibiting high mannan binding adhesins showed higher ingress and localised microcolonies throughout the polymeric network. In contrast, ingress of Bacillus subtilis, lacking adhesins, was unaltered by mannan showing motility comparable to bulk liquids. Incubation within microcosms of an agricultural soil yielded hydrogel populations significantly increased from the corresponding soil. Bacterial diversity was markedly higher in mannan containing hydrogels compared to both control polymer and soil, indicating enhanced selectivity towards microbial families that contain plant beneficial species. Here we propose functional polymers applied to the potential root zone which can positively influence rhizobacteria colonization and potentially plant growth as a new approach to stress tolerance.
Results and Discussion
Production and characterization of hydrogel systems. Polyacrylic acid (PAA) was prepared by free radical crosslinking 27 (Supplementrary Information S1), while the reaction scheme was further extended to yield the grafted PAA-mannan (PAA-mann graft ) copolymer through crosslinking between free radicals generated on both the acrylate π bond and mannan hydroxyl groups ( Fig. 1A and Supplementary Fig. 1 ). The corresponding mannan inter-penetrating polymer hydrogel (PAA-mann free ) was prepared from PAA by physical absorption from mannan solution. Incorporation of the mannan chains as a grafted copolymer yields a hydrogel suggesting a similar mesoporous microstructure to synthetic PAA (approximately 50 µm in diameter) 26, 28 , although the cell size of PAA-mann graft was on average ~50% smaller ( Fig. 1B,C) . Estimation of the cell wall thicknesses of both PAA and its copolymer were similar (~1 µm), indicating the similar extent of confined free liquid within the system potentially available for microbial transport. Mannan grafting significantly decreases the rigidity of the gel network as seen by the yield stress at comparable degrees of swelling (Q) as well as reducing the corresponding storage (G') and viscous (G") moduli, reflecting the reduced crosslink density between PAA chains, both of which have implications for overall bacterial population dynamics 16 (Supplementary Fig. 2 ).
Dynamics of bacteria ingress within hydrogels.
Two model bacteria, with and without mannan adhesins, were selected initially to explore the influence of copolymerization with mannan on bacterial population and viability, when pre-swollen with either water or nutient broth. The PAA hydrogel as well as their mannan containing counterparts, when pre-swollen with nutient broth, show a significant difference in bacterial translocation i.e. the advancing population profile between the motile monotrichous Pseudomonas fluorescens having a single polar flagellum and the peritrichous Bacillus subtilis having about 14 flagella filaments 29, 30 . Inspection of the 3-D fluorescence images of Fig. 2 indicates that P. fluorescens populates the inner bulk hydrogel region as dispersed microcolonies throughout the mesoporous network, whereas the superimposed z-stack images of B. subtilis indicate ingress with well defined linear movements during ingress ( Supplementary Fig. 3 ). Comparison of PAA with its mannan counterparts clearly indicates that these differences in the underlying motility behaviour are species-specific with the mannans predominately increasing population densities. Supplementary Fig. 4 indicates that upon soil drying over prolonged periods, the presence of small quantities of PAA increases the overall soil moisture by about 10% which is retained as a free liquid phase environment within the swollen hydrogel at a wt. ratio water:PAA of 50:1.
This difference in the collective behaviour was further studied in Fig. 3 in terms of the motility of single B. subtilis cells. Figure 3 (A,B) show two consecutive scans of different images of the same volume location demonstrating that cells were motile in the confined fluid of the polymer gel. Figure 3 (C) provides the 3-D swimming trajectory in the x,y,z(time) stack. From the distance travelled by a single cell and the time required to capture each plane as it moved through the field of view, the estimated swimming velocity of B. subtilis was 33.2 ± 4.3 µm/s for the PAA hydrogel, which is consistent with the swimming speed of 25-30 µm/s in bulk liquids 30, 31 . Cisneros et al. found that ) and Bacillus subtilis (without adhesin) into the PAA polymer, grafted PAA-mannan and freely absorbed PAA-mannan after 18 hours of incubation (all hydrogels were pre-swollen in nutrient solution). Here distinct differences between the presence or absence of mannan chains in the hydrogels and adhesin binding proteins on the cells are clearly seen. The xyz imaging dimensions were 211 µm × 211 µm × 200 µm respectively. Images represent the cross-section of CLSM scans, showing the biointerface (cells enter the 3D hydrogel from xy plane) and the inner bulk regions of bacteria-colonized polymer. Green indicates viable cells (SYTO 9 stained), while red indicates damaged cells (propidium iodide stained). The number of colonized P. fluorescens and the apparent movement of B. subtilis in the 3-D structure of hydrogels were quantified using ImageJ. Differences in microbial motility and colonization are shown in Suppl. Figure 3. increasing the cell -cell proximity of B. subtilis increased the swimming velocity to 40 µm/s which was attributed to enhancing collective turbulance, which is not seen at the low ingress times and population densities studied here 30 . Both visual images and the quantitative analysis of total cell numbers with depth (z) (see Fig. 2 ) show that incorporation of the grafted and absorbed mannans reduce the P. fluorescens concentration in the proximity of the hydrogel surface while within the interior of the hydrogel the overall population density is significantly increased. Importantly, freely absorbed mannans increase the translocation and colonization of these bacterial species greater than grafted chains as shown by their lower surface density but higher internal population. The behaviour of P. fluorescens is consistent with the presence of high mannose binding adhesins which promote localization 32, 33 , whereas these adhesins have been shown to be absent in the genome sequence of B. subtilis 34 . The relative internal cell population in hydrogel region between 50 to 170 µm, i.e excluding the interfacial area of 0-49 µm, were 1,780, 12,385, and 65,965 cells in PAA, PAA-mann graft and PAA-mann free respectively. On the basis of the relative mannan contents, this represents an order of magnitude greater colonization in the presence of freely absorbed carbohydrate chains (IPN) (approximately 1:20 in average), suggesting that grafting yields less accessibile mannan chain conformations to the cell adhesins. The collective behaviour of the motile B. subtilis within the confined volumes of the gel was characterised by running, tumbling and cell division ( Supplementary Fig. 3 ) consistent with the quantitative bulk motility behaviour reported by Li for this species 29 . Interestingly, the presence of free mannans absorbed within the PAA hydrogel did not influence significantly the swimming velocity of the adhesin-lacking B. subtilis (32.4 ± 7.9 µm/s) compared to motility in the fluid phase of the mesoporous PAA hydrogel ( Fig. 3 ), suggesting that mannan chains are largely associated with the hydrogel polymer macropore walls ( Fig. 1B) . Additionally, incubation of B. subtilis with the hydrogels for 48 hours ( Supplementary Fig. 5 ) indicated that the relative behaviours of both PAA and PAA-mannan were not influenced by the time duration of incubation.
The presence of grafted mannan slightly increases the P. fluorescens population in the inner bulk region of the hydrogel when both were pre-swollen in water only (Fig. 4 ). The number of damaged and non-viable cells were also seen to increase markedly, indicating that the carbohydrate does not act as a significant nutrient source.
Notably, inclusion of mannan shows little effect on the ingress of B. subtilis when the hydrogel was pre-swollen in water, also indicating that mannan does not act as a direct nutrient source for this species. Importantly, when all samples were swollen in nutrient broth, P. fluorescens still showed a significant increase in population Soil microbe population and taxa selectivity. Microbial populations were investigated in soil and soil-hydrogel microcosms established from the surface horizon of a low fertility Western Australian coarse-textured agricultural soil used for wheat production. Following DNA extraction, microbial populations were identified and quantified by 16 S rRNA sequencing and qPCR respectively, where it was found that bacterial community compositions within the PAA and PAA-mann hydrogels were significantly different from the corresponding soil (positive control) after 7 days of incubation (p = 0.001; <47.8% similarity), as shown in Figs 5 and 6. Here it can be seen that the presence of mannan within the hydrogels increases the bacterial population beyond that of PAA although lower than original dry soil (negative control) and the treated soil (positive control), whereas PAA-mannan significantly increases the number of taxa present above both the treated soil and the synthetic PAA close to the original dry soil. The soil bacterial community was dominated by the phylum Firmicutes (50.1%) whereas Proteobacteria represented the most abundant group in the hydrogel polymers (49.6% in PAA and 53.7% in PAA-mann free (Fig. 7A ). In both hydrogel types, the family Oxalobacteraceae (Burkholderiales, Betaproteobacteria) constituted the most abundant family (10.9% to 18.8%, Fig. 7B ) in contrast to the soil itself. Although the bacterial communities within the polymers were not significantly different from each other (p = 0.057; 60.2% similarity), the second most abundant family in PAA were the Bacillaceae (16.0%) which only constituted 2.3% in the PAA-mann free (Fig. 7B) . Whereas, the second most abundant group in the PAA-mann free polymers were the Chitinophagaceae (Sphingobacterilaes, Bacteroidetes). Interestingly, the number of operational taxonomic units (OTUs) was significantly higher in the PAA-mann free hydrogel than in the incubated soil (p = 0.006) which in turn was higher than conventional PAA (Fig. 5B ). The latter may be caused by the high variance in OTU numbers in the PAA (Fig. 5B ).
Due to incubation of soil close to soil water field capacity for 7 days, the community composition of the treated soil, which reflects the diversity within the local habitat e.g. soil or hydrogel, was quantitatively significantly lower than in the dry soil (p = 0.0005) which had been stored dry followed by DNA sampling before wetting ( Supplementary Fig. 6A and B ). This suggests that during incubation, both Bacillaceae and Clostridiaceae (spore-forming Firmicutes) responded more rapidly to the changed conditions and proliferated, decreasing the detection of less abundant taxa. This is also reflected in the bacterial community composition (phyla and families Fig. 7A,B respectively) detected in the PAA-mann free hydrogel system compared to the treated soil. Importantly their dominance is not seen in the PAA and PAA-mannan highlighting that polymer composition plays a clear . Bacterial viability in hydrogels in the absence of nutrient. Differential bacterial ingress of Pseudomonas fluorescens and Bacillus subtilis cells into PAA and grafted PAA-mannan hydrogels when swollen in water followed by the incubation with bacteria for 18 hours. When PAA-mannan was swollen in water, the bacteria exhibited low viability (yellow indicates onset of damage and red indicates substantial damage of cells), which suggests that the mannan polymer does not act as a significant nutrient source for both bacteria.
role in bacterial community selection. This is supported by the PCO weighted UniFrac analysis (Fig. 6) showing the clustering of the different sample types. Here, it is noteworthy that although the difference in bacterial populations in the two hydrogel polymers had a low statistical significance, the PAA-mann free samples grouped markedly closer together than the PAA, indicating a higher similarity in the community composition within the sample types, 78.3% similarity for PAA-mann free and only 54.2% for PAA. Therefore the recruitment of bacteria from the surrounding soil by PAA-mann free polymers seems to be more reliably selective compared to the PAA hydrogel. Functionality within the soil. The abundance and selectivity of bacteria within the PAA and PAA-mannan hydrogels relative to the soil in close proximity to a plant root would have the potential to both influence plant growth and be influenced themselves by root activity. Many of the taxa above identified by 16 S rRNA at the phylum and family level exemplify plant growth promoting functionality, where they may provide improved nutrient acquisition, production of plant hormones or plant disease suppression [35] [36] [37] . Additionally, microbial attachment to roots and formation of biofilms provide protection from environmental stresses such as pH and desiccation 38 . For example, Proteobacteria (Pr, Fig. 7A ) can account for ~30% of dominant phyla in soil where they may provide nitrogen fixers, methane and ammonia oxiders as well as sulphide and sulphur users among their many members [39] [40] [41] [42] . Firmicutes (Fi) engage various soil carbon sources, while Bacteroidetes (Ba) provide aerobic degradation of plant carbon material 43 . At the family level, Chitinophagaceae (Ch) has several species that can provide phosphate-and zinc-solubilizing ability enhancing overall soil fertility 44 , for example Flavisolibacter ginsengiterrae has been found to be highly associated with mannan residues 45 . Figure 7 clearly shows consistency in the mannan induced selectivity between the model bacterial species and the soil microcosm communities. At the phylum level, the relative abundance Firmicutes (Fi) significantly declined in PAA-mannan whereas the Proteobacteria (Pr) increased greatly, consistent with model adhesin containing Pseudomonas spp. (P. fluorescens) (Fig. 2 ). While at the family level, this is exemplified by the marked and progressive reduction in Bacillaceae (Ba) abundance in PAA and PAA-mannan and the corresponding adhesin free model Bacillus (B. subtilis) which showed little difference in the ingress between PAA and PAA-mannan, illustrating that the single strain model was consistent with the behaviour of the complex soil bacterial community.
In conclusion, we show that the presence of mannans as either a copolymer or an interpenetrating network with the synthetic hydrogel PAA enhances the dynamics and selectivity of bacterial ingress, as shown by both model microbial systems and soil microcosms. Both PAA-mannan polymers maintained the original microstructure providing confining fluid environments on the scale of bacterial swimming motility and its associated hydrodynamic interactions. The presence of the additional specific interactions between mannan chains of the hydrogel and bacteria with adhesin proteins significantly increased ingress and colonization demonstrating selectivity. Incubation within microcosms of a wheat producing agricultural soil allowed the quantification of soil microbial ingress as well as selectivity of the polymer hydrogels with and without mannan chains. Hydrogel populations were significantly different from the corresponding soil after incubation, with all polymers having higher numbers than the incubated soil. Bacterial diversity was also significantly higher in mannan containg hydrogels in comparison to both synthetic PAA and the incubated soil resulting in a different microbial community between sample types. Importantly for some key microbial taxa, the hydrogels showed significantly enhanced selectivity compared to the positive control (no hydrogel) soil which was also consistent with the impact of adhesins on the selectivity of the model bacteria. Additionally, their osmotic potential maintains a hydrous state in comparison to surrounding soil undergoing drying. These data demonstrate that polymeric hydrogels, particularly those that exploit specific functional interactions with soil microbial communities, could play a significant role in mitigating biotic and abiotic stresses during the increasing intensity of climatic change. In doing so, functional polymeric materials may provide a new approach to address the global challenge of climate-limited crop productivity, especially when confined to the plant root developing zone.
Materials and Methods
Materials. Polyacrylic acid (PAA) and the corresponding mannan grafted polyacrylic acid (PAA-mann graft ) were synthesized from anhydrous 99% acrylic acid containing monomethyl ether hydroquinone as inhibitor, 99% methylene bisacrylamide as crosslinker and ammonium persulphate as a water soluble initiator from Sigma Aldrich (Australia) according to Supporting Information S-1. The high molecular weight mannan, derived from Saccharomyces cerevisiae (Sigma Aldrich, M3640), is a linear chain of 1,4-linked β-D-mannopyranosyl residues having less than 5% of galactose 46, 47 , was used without further purification. Mannan grafted PAA (PAA-mann graft ) prepared according to S1.1 to yield 11.8 wt. % mannan in the dry hydrogel. PAA containing free mannan chains (PAA-mann free ) was prepared by absorption from solution according to S1.1 to yield PAA with a 3.4 wt. % mannan content.
Hydrogel characterization. The equilibrium swelling capacities (Q) of the respective hydrogels were determined with pre-weighed dry samples placed in cylindrical glass columns (ID 10 mm) supported by a hydrophilic nylon filter (11 μm pore size) to allow water permeation from below. Q values were then determined from the mass water uptake.
Viscoelastic micromechanical measurements of PAA and the PAA-mann hydrogels were performed with a stress controlled rheometer (DSR 200, Rheometrics, Paulsboro NJ) using vane geometry at 20 °C according to Barnes 48 . The vane geometry was adapted for swollen hydrogels to eliminate structural disturbance and wall-slip effects in the swollen gel state. Dehydration of samples occurring during measurements was minimised by placing the specimens in an environmental chamber at high humidity. Hydrogels were swollen within the rheometer assembly to Q values without disruption at vane surfaces prior to oscillatory stress measurements at frequency 0.1 rad/s and the viscoelastic parameters extracted.
The microstructure of the PAA and PAA-mannan hydrogels were determined by field emission cryo-SEM (FEI NOVA nanoSEM, FEI Co., Hillsboro, Oregon). Samples were prepared in-situ using the Gatan Alto 2500 pre-chamber followed by fracture to provide free-break surfaces which were then followed by low temperature sublimation, Pt sputtering and insertion in the cryo-SEM, as detailed previously 26 .
Bacterial strains and growth conditions. Bacillus subtilis ATCC 6051 T and Pseudomonas fluorescens
ATCC 13525 were obtained from the American Type Culture Collection (ATCC, USA). Bacterial stocks were prepared in nutrient broth (Oxoid) supplemented with 20% glycerol as previously described 49, 50 . For each experiment, bacterial cultures were refreshed from stock on nutrient agar (Oxoid) and were collected at the logarithmic stage of growth. The cell density of these bacterial suspensions was adjusted to the optical density of 0.3 (λ at 600 nm) to ensure a consistent number of cells of each strain in all experiments.
Prior to incubation, hydrogels were swollen to equilibrium in either MilliQ water or nutrient broth at an appropriate concentration. Pre-swollen hydrogels were then immersed in 10 mL of bacterial suspension and incubated at 25 °C for either 18 or 48 hours. After incubation, the samples were gently removed from the suspension followed by a mild rinsing step to remove unbound bacteria without disturbing the bacterial colonization within the hydrogels. All experiments were repeated at least three times (each with duplicates) independently.
Quantification of bacterial ingress. The extent of bacterial ingress and colonization into the three dimensional network of hydrogels was studied using confocal laser scanning microscopy (CLSM). The specimen was stained with LIVE/DEAD BacLight Bacterial Viability Kit as described previously 26 . After the staining process, the specimen was imaged using an inverted confocal laser scanning microscope (Fluoview FV1000-IX81, Olympus, Japan). To determine the distance of bacterial ingress within the hydrogel network, depth scans (z-stack) were acquired up to 200 µm starting from the interface of the hydrogel. All three dimensional stacks were presented in the vertical plane (x-z) together with the integrated fluorescence intensity of both viable and non-viable cells, to detail the differences in cell behaviour inside the hydrogels as well as the depth of cell penetration (advancing microbial front). The location of the biointerfaces of hydrogel samples was identified and the staining-washing procedure of the bacteria-colonized hydrogels was validated as previously reported 26 . The number of colonized bacterial cells per field of view (xyz is approximately 211 µm × 211 µm × 200 µm respectively) was calculated using ImageJ with a 3D Objects Counter plugin 51 . The velocity of B. subtilis swimming cells was determined by calculating the total time and distance a single cell travelled within a field of view, appearing as the "cell trajectory" in the 2D x-z plane.
Soil microbe population and taxa selectivity. Soil microcosms were established using soil collected from the surface (0-10 cm) near Dandaragan in the central agricultural (wheat belt) of Western Australia (S 30°51′57.24″, E 115°42′39.45″). Soil was naturally air-dried at 40 °C and sieved (2 mm) before construction of soil microcosms. Microcosms consisted of dry soil (7.5 g) added to 15 mL Falcon tubes. Where applicable, a single, dry polymer granule was then added and covered with an additional 7.5 g of soil and compacted to a bulk density of 1.4 g cm −3 . Fifteen microcosms were established containing: 5 with soil only, 5 with PAA, and 5 with a PAA-mann free granules. To wet each of these microcosms, 4 mL of water were added to the surface and allowed SciEnTiFic REPORTS | 7: 15902 | DOI:10.1038/s41598-017-16253-0 to infiltrate. This resulted in a soil water content of 26.7% well below the previously determined water-holding capacity of 31.2% of the soil excluding ponding of water at the bottom of the tube. This relatively high soil moisture, reflecting soil after rainfall events, was required to ensure complete swelling of the polymer system.
After one week of incubation at 25 °C in the dark, microcosms were dismantled and DNA was extracted from the soil and polymers respectively using the MO BIO PowerSoil ® DNA Isolation Kit (Carlsbad, CA, USA) and quantified using the Qubit ® 2.0 Fluorometer (ThermoFisher Scientific, Waltham, MA,USA) following manufacturers' protocols. Genomic DNA was submitted to the Australian Genome Research Facility for diversity profiling of the 16 S rRNA gene using primers 341 F (5′-CCTAYGGGRBGCASCAG-3′) and 806 R (5′-GGACTACNNGGGTATCTAAT-3′) 52 . Paired-ends reads were assembled by aligning the forward and reverse reads using PEAR (version 0.9.5) 53 . Primers were then identified and trimmed. Trimmed sequences were processed using Quantitative Insights into Microbial Ecology (QIIME 1.8) 54 and USEARCH (version 8.0.1623) software 55 . Chimera were removed and operational taxonomic units were picked with uclust 55 . Taxonomy was assigned using the SILVA database 56 . OTUs were rarefied to 51,367 sequences per sample prior to conducting statistical analyses of bacterial community compositions using PRIMER-E (version 7). PERMANOVA and SIMPER 57 were performed on log-transformed relative abundance data 58 , while PCoA plots were based on unweighted UniFrac distance metrics 59 . Quantitative PCR to determine the abundance of 16 S rRNA genes was conducted with a ViiA7 qPCR system (Applied Biosystems, ThermoFisher). qPCR reactions were carried out in 20 μL containing: 10 μL of GoTaq ® qPCR Master Mix (Promega), 0.1 μl of the forward (Eub338 5′ ACTCCTACGGGAGGCAGCAG 3′) 60 and reverse primer (Eub518 5′ ATTACCGCGGCTGCTGG 3′) 61 at 20 μM, 2 μl BSA at a concentration of 50 µg µL −1 (Ultrapure BSA, Ambion); 2 μl of template DNA at 1 ng μL −1 and 5.8 μL of water. Cycling conditions were 95 °C for 15 min then 40 cycles of 95 °C for 60 s, 53 °C for 30 s and 72 °C for 60 s 62 . Fluorescence data were collected at 72 °C to confirm product specificity and melting curve analyses were conducted after each cycle. Standard curves were generated using dilutions of linearised cloned plasmids containing the target 16 S rRNA gene sequence. Standard curves generated in each reaction were linear over five orders of magnitude (10 5 to 10 9 gene copies) with r 2 values greater than 0.99, and efficiencies for all quantification reactions were 90% to 100%. Abundance data were analysed using one-way ANOVA and Tukey Honestly Significant Difference tests.
